Introduction {#S1}
============

Different factors (reviewed by Smyth & Halton \[[@R15]\]) may have an influence on the emergence of cercariae from their snail hosts. Among these factors, temperature and light are often cited. However, the influence of these factors is also trematode-specific. In the model *Galba truncatula-Fasciola hepatica*, the release of cercariae was optimum at a constant temperature of 20 °C (for snail populations highly susceptible to the parasite) and decreased when the temperature was lowered \[[@R4], [@R8], [@R9]\]. In contrast, in the model *G. truncatula-Paramphistomum daubneyi*, only few cercariae emerged from *G. truncatula* at 20 °C and occurred only if infected snails were subjected to temperatures fluctuating daily from 6--8 °C to 20 °C \[[@R1], [@R2]\]. In both cases, the number of snails containing cercariae but dying without emission remained low at 20 °C (*F. hepatica*) or during fluctuations from 6--8 °C to 20 °C (*P. daubneyi*), and was significantly higher for opposite temperatures (20 °C, for example, for *P. daubneyi*).

The use of regular temperature changes to induce cercarial release from infected snails has already been used in the case of Lymnaeidae. However, the conditions used to cause these temperature changes are variable. Infected lymnaeids can be placed on ice \[[@R5]\], in the refrigerator \[[@R11]\] or in 6--8 °C water during each daily change \[[@R1], [@R2]\]. The use of such low temperatures, even during a short time, may cause mortality of infected snails which are generally less resistant to environmental changes than uninfected ones \[[@R13]\]. Moreover, the repetitive use of this method over time did not always give the same results for shedding because *F. hepatica* cercariae, for example, did not mature at the same time \[[@R3]\] and there was a 6--8 day periodicity in cercarial shedding for some snails infected with this digenean \[[@R18]\]. In view of these data, a change in water temperature, compatible with natural fluctuations of this parameter existing in snail habitats in the spring, would be interesting to study its effects and its consequences on cercarial shedding from *G. truncatula*. To verify this possibility, snails experimentally infected with *F. hepatica* or *P. daubneyi* were subjected during the patent period to a constant temperature of 20 °C, or a temperature change every week (snail dishes were placed at a mean temperature of 12 °C during 3 h before being replaced at 20 °C).

Materials and methods {#S2}
=====================

Snails and parasites {#S3}
--------------------

Both *G. truncatula* populations (A) and (B) were chosen on the fact that high numbers of snails died without emission (in spite of numerous free cercariae within snail bodies) when experimentally infected with local miracidia of *F. hepatica* at 20 °C \[[@R17]\]. Their habitats were road ditches on the respective communes of Châteauponsac (46°8′2″ N, 1°17′30″ E) and Rancon (46°6′54″ N, 1°10°34″ E), department of Haute Vienne, central France. As these sites were located on acid soil, the maximum height of adult snails ranged from 8 to 9 mm. Three hundred snails, measuring 4 mm in height and belonging to the spring generation, were collected from each site. Thirty adult snails for each site were also dissected under a stereomicroscope to verify the absence of trematode larval forms within their body at the time of their collection. After their collection, snails were kept in the laboratory at 20 °C during 48 h for temperature acclimatization before being exposed to miracidia.

*Fasciola hepatica* eggs were collected from the gall bladders of heavily infected cattle at the slaughterhouse of Limoges, department of Haute Vienne. To obtain *P. daubneyi* eggs, adult worms were collected from the rumen of the same cattle and placed in a saline solution (NaCl, 0.9%; glucose, 0.45%) for 4 h at 37 °C. All eggs were washed several times with spring water and were incubated at 20 °C for 20 days in the dark in order to obtain miracidia \[[@R12]\].

Experimental protocol {#S4}
---------------------

Four hundred snails ([Table 1](#T1){ref-type="table"}) were individually exposed to *F. hepatica* (two miracidia per snail for 4 h at 20 °C in 3.5 mL of spring water). The same protocol was used for the other 200 snails exposed to *P. daubneyi*. They were then individually raised in 35-mm Petri dishes (volume of spring water, 3.5 mL) according to the method by Rondelaud et al. \[[@R14]\]. Snails were fed with a piece of dried lettuce leaf and another of dead grass (*Molinia caerulea*), while oxygenation of the water layer was ensured by a piece of live spring moss (*Fontinalis sp.*). The dissolved calcium in spring water was 35 mg/L. Petri dishes were placed in an air-conditioned room at a constant temperature of 20 °C (±1 °C) and a diurnal photophase of 10 h involving a light intensity of 3,000--4,000 lux over dish tips.Table 1.Experimental protocol used to study the effect of thermal shock on production of *F. hepatica* or *P. daubneyi* cercariae. TC, temperature-challenged.Snail population and parasiteNumber of snails at exposureSubgroups at day 30 p.e.Water temperatureNumber of snails per subgroupPhysiological state of snails(A)*F. hepatica*20020 °C constantly81ControlsThermal shock81TC snails*P. daubneyi*10020 °C constantly44ControlsThermal shock45TC snails(B)*F. hepatica*20020 °C constantly77ControlsThermal shock78TC snails*P. daubneyi*10020 °C constantly39ControlsThermal shock40TC snails

At day 30 post-exposure (p.e.), the surviving snails from each group were divided into two subgroups, as indicated in [Table 1](#T1){ref-type="table"}. Spring water and food were changed between 1 p.m. and 5 p.m. if necessary. When the first cercarial shedding occurred, the Petri dishes containing snails of four subgroups (temperature-challenged snails) were placed every week at a mean temperature of 12 °C (minimum-maximum, 10--14 °C) for 3 h (8--11 a.m.) under the same lighting conditions (3,000--4,000 lux) and were then replaced at 20 °C during the rest of the week. The mean temperature of 12 °C was chosen because most cercariae in the case of *F. hepatica* did not emerge from snails below 10 °C \[[@R9]\], while the reason for selecting a weekly interval for temperature changes was the 6--8 day periodicity that Vignoles et al. \[[@R18]\] have reported in cercarial shedding for some snails infected with *F. hepatica*. To induce thermal shock, the morning was chosen because water temperature in Petri dishes fell from 20 °C to 10--11 °C in 20--25 min (when these recipients were placed outdoors at this temperature at 8 a.m.) and progressively increased at 14 °C with increasing air temperature (generally reached at 11 a.m.). Contrary to temperature-challenged snails, *G. truncatula* from the other four subgroups (controls, [Table 1](#T1){ref-type="table"}) were always kept at a constant temperature of 20 °C. The above protocol was followed during 11 weeks in the case of *F. hepatica* and 9 weeks for *P. daubneyi* according to the length of the patent period. If metacercariae (mcc) were present in a Petri dish, the snail was placed in a second dish with its food, while mcc of the first dish were counted two days later and classified according to their type (floating mcc, fixed mcc, each having a complete cyst, and fixed and incomplete mcc) before their removal. In the case of *F. hepatica*, two categories of fixed and incomplete mcc were considered: (i) whitish cysts whose colour had not become flaxen 2 days after shedding, and (ii) whitish cysts whose dome became flattened after its formation. In contrast, fixed and incomplete mcc of *P. daubneyi* were completely dark brown or blackish just after cercarial encystment, while fixed and complete mcc were refringent with a peripheral brown-blackish ring \[[@R13]\].

A routine post-mortem dissection of snail cadavers was performed to separate uninfected snails and those containing only rediae from snails which contained free cercariae and died without shedding (NCS snails).

Parameters studied {#S5}
------------------

The first two were the frequency of cercariae-shedding snails (CS snails) and that of NCS snails. In each group, the frequencies were calculated in relation to the number of snails surviving at day 30 p.e. Another parameter was prevalence of infection determined in each group by adding the number of CS snails and that of NCS snails. The differences between frequencies of CS snails, those of NCS snails and prevalences of snail infection were compared using a χ^2^ test. The last parameters were the growth of CS snails during experiment (between snail exposure to miracidia and death), length of the prepatent period, that of the patent period and the number of mcc according to their type (floating, complete and fixed, or incomplete and fixed mcc). One- or two-way analysis of variance was used to establish statistical levels of significance for these last parameters. All statistical analyses were done using the Statview 5.0 software.

The distribution of complete or incomplete and fixed mcc throughout the length of the patent period (expressed in weeks) was also determined. Floating mcc were not considered for this study because most of them were present only during the first 2 weeks.

Results {#S6}
=======

Snails infected with *F. hepatica* {#S7}
----------------------------------

Compared to controls which were always maintained at a constant temperature ([Table 2](#T2){ref-type="table"}), the frequency of CS snails was significantly increased \[population (A): χ^2^ = 29.84, *p* \< 0.001; population (B): χ^2^ = 17.68, *p* \< 0.001)\] in temperature-challenged groups. However, when each population was considered separately, prevalence values were close to each other and no significant difference was noted. The differences between shell growths of CS snails during the experiment as well as between prepatent periods were insignificant, regardless of snail population and group. In contrast, the patent periods noted for temperature-challenged snails were significantly longer (*F* = 4.12, *p* \< 0.01) than for controls, while snail population did not have an effect on this parameter. The number of floating mcc varied significantly (*F* = 3.55, *p* \< 0.05) with the snail population but was not clearly affected by temperature change. In the other two mcc categories, the values noted for temperature-challenged snails were significantly greater (fixed and complete mcc: *F* = 6.74, *p* \< 0.01; fixed and incomplete mcc: *F* = 11.52, *p* \< 0.001) than those recorded for controls, while the effect of snail population was insignificant. Total *F. hepatica* mcc production per CS snail, including floating mcc, ranged from 143.3 in controls (B) to 361.6 in temperature-challenged snails (A). In contrast, if this production was correlated with the number of *G. truncatula* at day 30 p.e., the mean values were clearly different between controls (26.0--58.5 mcc) and temperature-challenged snails (118.1--218.7).Table 2.Main characteristics of *F. hepatica* infection in snails maintained to a constant temperature of 20 °C (controls), or subjected every week to a 3-h stay at a mean temperature of 12 °C (TC, temperature-challenged; CS, cercariae-shedding; *SD*, standard deviation).ParametersPopulation (A)Population (B)ControlsTC snailsControlsTC snailsNumber of snails at day 30 p.e.81817778Number (frequency in %): CS snails23 (28.3)49 (60.4)[\*](#TFN1){ref-type="table-fn"}14 (18.1)37 (47.4)[\*](#TFN1){ref-type="table-fn"} NCS snails35 (43.2)6 (7.4)24 (31.1)9 (11.5)Prevalence of infection (%)71.667.949.358.9Mean growth (*SD*) of CS snails during experiment (mm)3.2 (0.8)3.1 (1.0)2.3 (0.7)2.3 (0.9)Mean length (*SD*) in days: Prepatent period49.5 (7.7)48.3 (3.0)50.2 (8.3)48.2 (3.1) Patent period30.7 (9.2)46.2 (10.3)[\*](#TFN1){ref-type="table-fn"}24.5 (11.5)38.7 (8.9)[\*](#TFN1){ref-type="table-fn"}Mean number (*SD*) of mcc shed by CS snails Floating mcc11.5 (5.3)13.3 (4.8)7.2 (3.1)4.5 (1.7) Fixed and complete mcc217.1 (69.3)304.0 (80.5)[\*](#TFN1){ref-type="table-fn"}134.6 (50.4)214.0 (71.0)[\*](#TFN1){ref-type="table-fn"} Fixed and incomplete mcc3.2 (2.4)44.3 (27.2)[\*](#TFN1){ref-type="table-fn"}1.5 (0.7)30.6 (11.4)[\*](#TFN1){ref-type="table-fn"}Total mcc production: Per CS snail231.8361.6143.3249.1 Per snail at day 30 p.e.58.5218.726.0118.1[^1]

If the values recorded for incomplete and fixed mcc in both populations of snails were pooled, cysts that always remained whitish represented 100% of mcc in controls and 25.4% in temperature-challenged snails. In contrast, whitish mcc with a flattened cyst and often visible cracks in their outer wall (74.6%) were only observed in temperature-challenged snails (data not shown).

[Figure 1](#F1){ref-type="fig"} shows the distribution of fixed mcc in relation to patent period length expressed in weeks. The number of complete mcc peaked during week 2 for controls and week 3 for temperature-challenged snails, and decreased thereafter in both subgroups until week 11. In contrast, the distribution of incomplete mcc varied with the snail group because they were seen during the first three weeks of the patent period in controls and the first nine weeks in temperature-challenged snails (apart from week 7 for which no incomplete and fixed mcc were noted).Figure 1.Distribution of *F. hepatica* metacercariae (mcc) for controls (A) and temperature-challenged snails (B) correlated to length of patent period (expressed in weeks). The values noted for controls from both snail populations were pooled. A similar process was also used for values coming from temperature-challenged snails.

Snails infected with *P. daubneyi* {#S8}
----------------------------------

[Table 3](#T3){ref-type="table"} gives the main characteristics of *P. daubneyi* infection in controls and temperature-challenged snails for both populations. In each snail population considered separately, the number of CS *G. truncatula* was significantly higher \[population (A): χ^2^ = 42.08, *p* \< 0.001; population (B): χ^2^ = 11.91, *p* \< 0.001)\] in temperature-challenged groups than in controls. In contrast, the difference between prevalence values in each population was not significant. Similar findings were also noted for CS snails shell growth during the experiment and prepatent periods. Compared to controls, the length of the patent period in temperature-challenged groups was significantly higher (*F* = 3.65, *p* \< 0.05), whereas snail population did not have a clear effect on this parameter. Significantly greater numbers of fixed mcc (complete cysts: *F* = 4.16, *p* \< 0.01; incomplete cysts: *F* = 3.74, *p* \< 0.05) were observed in temperature-challenged groups and these results were independent of snail population. In contrast, the differences between floating mcc were insignificant, regardless of snail population and group. If CS snails were considered, the mean total mcc production ranged from 77.1 to 211.9 but was clearly different between controls (14.6--15.8) and temperature-challenged snails (85.9--178.9) if values were correlated to *G. truncatula* numbers at day 30 p.e.Table 3.Main characteristics of *P. daubneyi* infection in snails maintained to a constant temperature of 20 °C (controls), or subjected every week to a 3-h stay at a mean temperature of 12 °C (TC, temperature-challenged; CS, cercariae-shedding; *SD*, standard deviation).ParametersPopulation (A)Population (B)ControlsTC snailsControlsTC snailsNumber of snails at day 30 p.e.44453940Number (frequency in %): CS snails7 (15.9)38 (84.4)[\*](#TFN2){ref-type="table-fn"}8 (20.5)21 (52.5)[\*](#TFN2){ref-type="table-fn"} NCS snails31 (70.4)4 (8.8)13 (33.3)3 (7.5)Prevalence of infection (%)86.393.353.860.0Mean growth (*SD*) of CS snails during experiment (mm)3.3 (1.1)3.5 (1.0)2.1 (0.9)2.3 (0.8)Mean length (*SD*) in days: Prepatent period69.5 (10.6)68.7 (11.2)70.3 (8.0)68.4 (8.9) Patent period27.6 (12.9)41.5 (7.3)[\*](#TFN2){ref-type="table-fn"}24.1 (10.3)36.7 (6.8)[\*](#TFN2){ref-type="table-fn"}Mean number (*SD*): Floating mcc0.7 (0.4)1.5 (0.9)1.3 (0.7)2.4 (1.0) Fixed and complete mcc91.4 (47.2)204.8 (81.0)[\*](#TFN2){ref-type="table-fn"}74.6 (38.5)156.4 (62.3)[\*](#TFN2){ref-type="table-fn"} Fixed and incomplete mcc05.6 (1.7)[\*](#TFN2){ref-type="table-fn"}1.2 (0.5)4.8 (1.2)[\*](#TFN2){ref-type="table-fn"}Total mcc production: Per CS snail92.1211.977.1163.6 Per snail at day 30 p.e.14.6178.915.885.9[^2]

[Figure 2](#F2){ref-type="fig"} gives the distribution of fixed mcc during the patent period. In complete mcc, peaks were noted during week 4 for controls and week 3 for temperature-challenged snails. In contrast, the distribution of incomplete mcc was similar in both subgroups.Figure 2.Distribution of *P. daubneyi* metacercariae (mcc) for controls (A) and temperature-challenged snails (B) correlated to length of patent period (expressed in weeks). The values noted for controls from both snail populations were pooled. A similar process was also used for values coming from temperature-challenged snails.

Discussion {#S9}
==========

In snail groups subjected every week to a temperature change, a significant increase in numbers of CS snails was noted, regardless of snail population and digenean infection. For *F. hepatica,* temperature change provided an effective stimulus to induce cercarial release in *G. truncatula* populations that were only weakly susceptible to this digenean. Numerous infected snails, which normally kept cercariae within their bodies at a constant temperature of 20 °C, shed these larvae when they were placed at a lower temperature during a few hours. This finding disagreed with reports by Audousset et al. \[[@R4]\], Kendall and McCullough \[[@R9]\] because these authors declared that cercarial release of *F. hepatica* in highly susceptible *G. truncatula* populations was optimum at 20 °C. Two complementary hypotheses may be proposed to explain this difference. The first might be the difference which exists between susceptibilities of snail populations towards the parasite (weakly susceptible in the present study, and highly susceptible in the case of the above authors). The second is to assume that 20 °C would not constitute an ideal temperature for *F. hepatica*-infected snails, even though a quicker development of larval forms was seen than for lower temperatures \[[@R12]\]. An element supporting the latter hypothesis was the number of mcc noted in temperature-challenged snails which was significantly higher than that recorded in controls always raised at 20 °C. The results noted for *P. daubneyi* in the present study agreed with the reports by Abrous et al. \[[@R1], [@R2]\] and demonstrated that regular fluctuations of temperature are essential for cercarial shedding from numerous infected snails.

The longer patent period in temperature-challenged snails can be easily explained by the protocol used, as the fact of decreasing water temperature, even during a short time, for snails after their first cercarial shedding resulted in a slower differentiation of cercariae over time \[[@R12]\] and, consequently, in lengthened snail life \[[@R16]\]. In contrast, the significantly greater mcc production noted in temperature-challenged snails is more difficult to understand, at least for *F. hepatica*. In our opinion, two perhaps complementary hypotheses might be proposed. The first is to correlate this higher mcc production to the longer patent period seen in temperature-challenged snails, which would allow the release of additional mcc when compared to that noted in controls. The second hypothesis is to interpret this higher mcc production as the consequence of temperature changes because the mean cercarial production of each digenean in temperature-challenged snails ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) was clearly higher during the first 6 weeks of the patent period than of control *G. truncatula*. The stimulus caused by temperature change would result in an exit of numerous mature cercariae, followed by some immature cercariae free within the snail but which have not ended their differentiation by accumulating glycogen and fatty acids \[[@R7]\] in their body.

In both digenean infections, incompletely formed mcc were more numerous in temperature-challenged groups than in controls. In the case of *F. hepatica*, mcc which remained always whitish (without flaxen or tawny colour) might correspond to immature cercariae, each having still incompletely differentiated cystogenic cells \[[@R6], [@R10]\] at the time of shedding. Other incomplete mcc might correspond to younger cercariae in differentiation but these larvae would not support encystment and would die after this process, thus leading to the collapse of their dome-shaped cyst and probably cracking of their outer wall. The formation of these incomplete mcc poses a problem for collecting viable *F. hepatica* mcc coming from temperature-challenged snails because they represented 12.2% (population A) or 14.2% (population B) of mcc produced by CS snails ([Table 2](#T2){ref-type="table"}). In the case of *P. daubneyi,* brown or blackish mcc observed just after cercarial encystment might be cercariae which died during or just after this process and rapidly became dark in the following hours. Their presence in mcc production seems less prejudicial for mcc collection because they can be differentiated from other mcc and only represent 2.6% (population A) or 2.9% (population B) of mcc coming from CS snails in temperature-challenged groups ([Table 3](#T3){ref-type="table"}).

In conclusion, the use of regular temperature changes for infected *G. truncatula* during the patent period gives a maximum number of snails which shed their cercariae in the case of *F. hepatica* or *P. daubneyi*; and enhanced mcc production by CS snails. However, this method also results in production of incompletely formed mcc which are sometimes difficult to identify, especially for *F. hepatica*, in reason of their probably limited viability. Mcc collection from temperature-challenged snails for infecting ruminants must be carefully carried out to avoid eventual problems of non-infection in these definitive hosts. Moreover, as daily temperature fluctuations in nature also had a positive effect of mcc production \[[@R9]\], it seems useful to determine the proportion of incompletely formed mcc produced by naturally-infected *G. truncatula* because all populations of this species did not have the same susceptibility towards local *F. hepatica* or *P. daubneyi* \[[@R17]\].
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[^1]: Significant differences between temperature-challenged snails and controls.

[^2]: Significant differences between temperature-challenged snails and controls.
